Introduction
Tolerance design requires a thorough understanding of manufacturing process selection and economics of processing, thus making it an important area of Concurrent Engineering. Specification of tolerances to mechanical assemblies has been widely studied in literature. The research on tolerance specification can be divided into two groups: tolerance analysis and tolerance allocation. Tolerance analysis is concerned with the calculation of the final tolerance from the information given on the component tolerances. Wu et al. [1] discuss eight tolerance analysis models cited in the literature. Tolerance allocation, on the other hand, is concerned with allocating component tolerances while observing the total assembly tolerance in a way to minimize total manufacturing cost. Generally, mathematical models are developed for the problem and solved using optimization techniques. Mathematical models are mathematical representations of the problem indicating the overall objective (which is generally the minimization of the total cost) and constraints of the problem. Review of literature indicates that mathematical models have been developed for simplified problems and these models have been solved using existing optimization techniques. Speckhart [2] , Ostwald and Huang [3] , Patel [4] , Chase and Greenwood [5] , and Lee and Woo [6] discuss tolerance allocation models that focus on the minimization of the total cost subject to either a constraint on the mean assembly tolerance requirement or a *Author to whom correspondence should be addressed constraint on the variance of the assembly tolerance distribution. Wu et al. [1] also discuss some of these models. Peters [7] , Michael and Siddall [8, 9] , and Parkinson [10] [11] [12] demonstrate mathematically more complicated tolerance allocation models through examples. Many optimization models for the tolerance allocation problem tend to omit process selection constraints. However Section 2 describes the tolerance-process selection problem in more detail and briefly discusses the existing methodologies. Section 3 presents the new algorithm. Computational performance of the algorithm is discussed in Section 4 followed by conclusions in Section 5.
Tolerance-Process Selection Problem
The tolerance-process selection problem addresses the selection of the best possible combination of processes for the different components of an assembly and allocation of tolerances to these components so that the required assembly tolerance is met with minimum processing cost. The phrase &dquo;the best combination of processes&dquo; refers to the combination which leads to minimum total cost tolerance allocation.
Consider an assembly with n components. Suppose, for each component i, there exists p (i ) many processes, any one of which can be used to manufacture the component. Assume an exponential tolerance-cost curve whose parameters depend on the process being considered. This is a generalized form of cost-tolerance curve used by many researchers in the past [2, 13] . Let t min,, and t max,, be the minimum and the maximum tolerances achievable on component i using process j. Figure 1 illustrates process dependent tolerance-cost curves where t,, is the tolerance assigned to component i manufactured using process j, and c (t'J) is the corresponding cost. Let t. be the specified assembly tolerance.
Define x,, as:
The tolerance-process specification problem can then be mathematically modeled as:
The objective function Z gives the total processing cost for a given process combination and tolerance allocation. Constraints (2) and (3) indicate that the tolerance stack-up should not violate the tolerance requirement on the assembly. One can consider either (2) or (3) depending on the selected model (statistical, worst case). Constraints (4) indicate achievable tolerance range for each component and process combination. Constraints (5) ensure that only one process is selected for each component. (1) to (5) is a mixedinteger nonlinear programming model since t,, are continuous and x,, are binary decision variables and constraints (1) and (2) [19] . The SA algorithm of Cagan and Kurfess [17] was found to give best results with annealing parameters set to T = 100, f = 0.5, and iter = 10; where T is the temperature, f is the reduction factor, and iter is the maximum number of iterations to be carried out without any improvement in the objective function value. The SB method assumed the statistical type of constraint (constraint 2) on the assembly tolerance.
Our experimental results indicated that all methods exhibited similar performance for smaller size problems. As the number of components and the number of processes for each component was increased, the methods differed in the quality of the first solution generated. The The SB method is verified against the univariate search Figure 5 . Component tolerance vs. output tolerance using the slope-based method. 
